The seasonal variations of atmospheric ozone and Sr-90 fallout were
Introduction
There is a close relation between atmospheric ozone and radioactive fallout (JUNGE, 1962) . They are both of stratospheric origin and show the spring maxima and a characteristic, meridional distribution. However, there are some differences between the two. Ozone is formed photochemically in the upper atmosphere while radioactive debris is injected as cloud masses into the stratosphere from several sites on the earth's surface.
Ozone is gaseous while radioactive dusts are colloidal. The former is decomposed by both oxidation and irradiation, the latter is scavenged with water or ice droplets and dust particles to the ground.
The spring maximum in radioactive fallout has been observed by many researchers (STEWART, CROOCKS and FISHER, 1956, MACHTA, 1958) . However, it was not observed well in Tokyo until the year 1957, probably due to disturbances by tropospheric fallout. In 1958, the peak was found in July (MIYAKE, SARUHASHI and KATSURAGI, 1959) . In 1959 a remarkable maximum was observed in May and June. In 1960 the maximum appeared in April and May. Since then spring maxima were found every year, though there was another maximum in the fall due to the tropospheric fallout in 1961 and 1962.
In the coastal area adjoining the Japan Sea, however, the fallout maximum has been observed mostly in the winter season when the amount of snowfall is large (SOTOBAYASHI and KOYAMA, 1960 , 1962 , MIYAKE, KATSURAGI and KANAZAWA, 1964 .
The occurrence of seasonal fallout maximum is related to various meteorological conditions, such as structures of fronts and precipitation amount, passage of troughs at higher levels, location of the core of the jet stream and so forth (MIYAKE, SARUHASHI, XVIII No. 4 KATSURAGI and KANAZAWA, 1960, 1962) .
In this study, to clarify the mechanisms of radioactive fallout and variation of stratospheric ozone, comparisons are done between the two phenomena with respect to change with time.
The time variations of total ozone and radioactive fallout were investigated which were observed in Japan, India, Canada, UK and USA during the period from 1958 to 1966 when there was little or no effect by the tropospheric fallout.
The seasonal change in surface ozone which was observed in Tokyo in 1958 was also compared with that of Sr-90 fallout (for Sr-90 ; MIYAKE, SARUHASHI, KATSURAGI, KANAZAWA and TSUNOGAI, 1963, for surface ozone ; MIYAKE, KAWAMURA and SAKURAI, 1961) .
Results of comparison
In Table 1 , the sites and periods of observation on total and surface ozone and radioactive fallout are given. Closest possible stations are chosen for each pair of comparison.
In Figs. 1 to 18 are shown variations with time of the amount of total ozone (X03), Sr-90 fallout and the calculated air-borne activity of Sr-90 (C) at various stations. In Fig. 19 the comparison between the amount of total ozone (X03), surface ozone and Sr-90 fallout is given.
The air-borne radioactivity (C) was calculated by the following equation (MLYAKE, SARUHASHI and KATSURAGI, 1959) :
where C is air-borne activity (mCi of Sr-90/km2), R, the amount of Sr-90 fallout (mCi/km2), P, the rain fall amount (mm), /3 and k are constants, respectively 2 and 0.06.
As shown in Fig. 1 to 19 the mode of variation resembles each other, but, there are time differences in the occurrence of peaks and troughs.
At Tateno, Japan, for example ( Fig. 14) , ozone has a peak in March every year from 1962 to 1966, while in Sr-90 fallout at Tokyo the peak is observed in the months from March to June. In the total ozone at Sterling and Bedford (Fig. 10) , the peak occurred in February and April in the years from 1962 to 1966 while the Sr-90 maximum appeared in April and May at New York. On the other hand, at Tateno, troughs in the total ozone occurred in November and October during the years from 1958 to 1966 while the calculated air-borne activity of Sr-90 had minima in the months from August to December in the same period. In Figs. 20 and 21 is given a summary concerning the time of occurrence of peaks and troughs in ozone and the calculated air-borne activity of Sr-90. In the ozone variation, 17 out of a total of 43 peaks were observed in March and 11 in April. As to the air-borne Sr-90, most of the maxima were found in April and May (37 in 62). The troughs in ozone were mostly observed in October and November (27 in 39) while the minima in the air-borne Sr-90 were found in the period from August to October (35 in 60) .
In Figs. 22 and 23 are given the time intervals of maxima and minima between ozone and the calculated air-borne activity of Sr-90. The plus means that the ozone peak and trough appear earlier than those of the air-borne Sr-90 and numerical figures represent the time intervals in months. Fig. 22 shows that a greater part of the air-borne Sr-90 maxima appeared one to two months later than those of the total ozone. On the contrary, troughs in Sr-90 were observed one to two months earlier than those in ozone (Fig. 23) .
The peak and trough in surface ozone and Sr-90 coincided in 1958 in Tokyo (Fig.  19) . In this connection, Vassy and Tanevsky (1964) reported that in increase of surface ozone within 24 hours is associated with an increase of radioactive fallout. WARMBT (1966) also observed that in the period from March to September (1963 September ( --1964 ) the changes were parallel while from October to February they were negatively correlated.
In the southern hemisphere, according to DYER (1966) , surface ozone maxima appear in September every year, while the peak of radioactivity in rain water was observed in November-December for the years 1959, 60, 61, 63 and 64.
It is to be noted that the amplitude is much greater in Sr-90 than in ozone. The averaged ratio of maxima to minima in ozone is only 1.39+0.13 while in Sr-90 (calculated air-borne activity) it is 10.60+7.94 (Table 2) .
Discussion
The variation with time of the total ozone is controlled by the rate of photochemical formation and decomposition, the air motion in the stratosphere and the rate of out-flow of ozone into the troposphere.
On the other hand, change in the surface ozone is controlled by the rate of subsidence of ozone down to the earth's surface, the rate of oxidative and photochemical decomposition and the air motion. Among these the rates of entry of ozone into the troposphere and out-flow from the stratosphere should be the same.
With respect to radioactive fallout, the change with time depends on the amount of meteoric precipitation, the rate of settling of radioactive debris from the stratosphere which seems to be correlated with the presence of a cyclone above 500 mb and the position of the jet-stream core and so on.
Ozone is gaseous, while radioactive dusts are finely suspended in the form of aerosol.
However, the size of the latter is so small (<1p) that gravitational settling can be ignored. Most of the dust particles are transported to the troposphere along with the air motion.
Therefore, the rate of out-flow of ozone from the stratosphere (or the rate of entry to the troposphere) and that of radioactive debris should be proportional. The rate of entry of fallout from the stratosphere to the troposphere is a reciprocal of the residence time of radioactive debris in the stratosphere which is estimated to he about 1 year (MIYAKE, Y. et al, 1963, MIYAKE, Y. and Y. KATSURAGI, 1967) . This means that stratospheric ozone is also removed rapidly from the stratosphere to the troposphere.
It is easily understood that surface ozone and radioactive fallout have their maxima at the same time provided that there is little or no tropospheric fallout.
It is to be noted that at many places both total ozone and radioactive fallout have maxima in the spring time and minima in fall, which suggests that, in the northern hemisphere, the amount of ozone in the stratosphere is largest and smallest respectively in spring and fall, despite the fact that the rate of out-flow of ozone is highest in spring and lowest in fall.
Up to now, in the study of the budget of ozone in the stratosphere, such a rapid rate of removal from the stratosphere and the seasonal variation of transport to the troposphere have not been taken into account.
Further studies are needed to envisage the mechanism which bring about seasonal variations of atmospheric ozone and radioactive fallout.
